A structure of microring sensor suitable for temperature measurement based on the surface plasmon wave is put forward in this paper. The sensor uses surface plasmon multilayer waveguiding structure in the vertical direction and U-shaped microring structure in the horizontal direction and utilizes SOI as the thermal material. The transfer function derivation of the structure of surface plasmon microring sensor is according to the transfer matrix method. While the change of refractive index of Si is caused by the change of ambient temperature, the effective refractive index of the multilayer waveguiding structure is changed, resulting in the drifting of the sensor output spectrum. This paper focuses on the transmission characteristics of multilayer waveguide structure and the impact on the output spectrum caused by refractive index changes in temperature parts. According to the calculation and simulation, the transmission performance of the structure is stable and the sensitivity is good. The resonance wavelength shift can reach 0.007 m when the temperature is increased by 100 k and FSR can reach about 60 nm. This structure achieves a high sensitivity in the temperature sense taking into account a wide range of filter frequency selections, providing a theoretical basis for the preparation of microoptics.
Introduction
Conventional sensors are huge, even with mechanical components. Miniature temperature sensors have breakthroughs in terms of miniaturization and intelligence. Compared with the biosensing [1] , piezoelectric sensing [2] , optical sensing [3] , and other sensing technologies, the surface plasmon (surface plasmon, SP) sensor has the advantage of small size, simple operation, high sensitivity, label-free, nondestructive, online real-time remote monitoring, and so forth. But there are few reports on temperature sensor which combines surface plasmon wave with microring structure.
The idea that microring resonator can be used in sensor was proposed by Marcatili in 1969 [4] . It is applied in a wide range of areas such as delay [5] , filtering [6] , lasers [7] , and optical switching [8] . In recent years, the sensor with microring has excellent performance in the field of measuring pressure [9] , acceleration [10] , temperature [11] , and gas density [12] and is especially widely used in microsize temperature sensor as the waveguide sensitive material [13] . SOI material, "silicon-on-insulator" for short, which has the advantage of low power, high speed, high integration, high temperature resistance, and antiradiation, making itself an extremely wide range of applications, is internationally recognized as the next generation of silicon-based integrated materials [14] .
Zhang et al. proposed a plasma structure having five layers of ABCBA in 2010, providing the theoretical preparation for the applications of multisurface plasma structure in the aspect of surface acoustic wave sensor [15] . Kong et al. proposed a plasma structure having five layers of MLHLM in 2012. It has better local capacity compared with the MIM (metal-insulator-metal) having the same thickness of insulation and can support the mode whose propagation length is up to 10 3 m and quality factor is up to 10 4 [16] . This paper presents a novel microring temperature sensor based on surface plasma. This sensor has good sensitivity and the resonance wavelength shift can reach 0.007 m when temperature is increased by 100 k and FSR can reach about 60 nm. This paper discusses the influence of temperature The incident light goes vertically into the interface changes in the external environment on the internal system parameters and analyzes the stability of transmission system so as to provide a theoretical basis for the preparation of temperature sensor and microoptics device. Figure 1 (b). The propagation is assumed along the direction of . = 0, 1 , 2 , 3 are the boundaries. The electromagnetic field may be represented as = ( , 0, )
Model Building and Theoretical Analysis
. , , and , respectively, are the propagation constant, the angular frequency, magnetic permeability of vacuum, and the velocity of light in vacuum.
The expression of and can be obtained by solving the vector wave equation in the boundary conditions of the tang component of the electromagnetic field being continuous. The unique solution of wave equations can be guaranteed by the Helmholtz and eff theory, and it can be obtained by solving the following equation [16] ] .
In the equation,
, 0 is the vacuum wave vector, eff = / 0 is the effective refractive index, and , = 0, 1, 2, 3, 4.
The Transfer Function of Microring Surface Plasmon
Sensor. This paper presents a microring temperature sensor based on surface plasmon, shown in Figure 1(a) .
is the complex amplitude of light field of each port ( 3 = 0). is light field intensity. = | | 2 ( represents 1, 2, 3, and 4). eff Advances in OptoElectronics 3 is the effective refractive index of the medium. The complex amplitudes of light field at the first coupling region and the second coupling region, respectively, are 1 , 2 , 3 , 4 .
1 is the coupling coefficient between the microring and waveguide and 1 is the transmission coefficient in the first coupling region. 2 is the coupling coefficient between the microring and waveguide and 2 is the transmission coefficient in the second coupling region. Coupling coefficients and transmission coefficients both meet the conditions of 2 + 2 = 1. Loss factor of light transmission for a cycle in the microring is = exp(− ). is the loss coefficient of the microring.
= 2 is the circumference of the microring. ( is the radius of the microring.) = exp(− ) is the phase factor of light transmission in the microring a half week. The phase change of light transmission for semicycle is = eff / ( is the resonant wavelength). According to the transfer matrix method [17] , it can be drawn as follows:
Since 3 = 0, the amplitude transfer function and spectral intensity transfer function of the Out port are, respectively, The amplitude transfer function and spectral intensity transfer function of the Through port are, respectively,
Simulation Analysis and Discussion

Electric Field Analysis.
To analyze the electric field distribution of the structure of the surface plasmon sensor, this paper uses the finite element method in Figure 1 Table 1 .
The distance when the electromagnetic energy is attenuated to the initial value's 1/ is defined as transmission length . = 1/2 ( ). The maximum transmission distance can reach 4719 m in the metal-low refractive index, high refractive index, low refractive index, and metal structure [17] . It meets the transfer requirements of new microring surface plasma temperature sensor designed in this paper in Figure 1(a) .
is deeply influenced by the core. Replacing the inner core material, changing the refractive index in the core material, and increasing or decreasing the thickness of the inner core material can lead to corresponding change of .
Si can be increased by adjusting the thickness of the silica layer and Si layer in the structure designed in this paper.
It can be drawn from four temperature field distribution diagrams in Figure 2 . When the nonresonant wavelength of the incident light wave = 1550 nm, the electric field distribution in different temperature is a significant local result. The high energy region of the electric field is basically distributed in the sensing layer, Si layer, of the surface plasmon sensor, appearing to be a significant localized phenomenon. Figure 3 reflects relationship between the temperature and the peak of electric field strength in Si layer. When the ambient temperature varies in the range of = 298-1098 k, the temperature and the maximum field strength of Si layer is substantially linear; when the temperature equals 298 k ( = 298 k), the electric field strength reaches the minimum value 9.8902 −001 ( = 9.8902 −001); when the temperature equals 898 k ( = 898 k), the electric field strength reaches the maximum value 9.8921 − 001 ( = 9.8921 − 001). It can guarantee the stability of the new microring surface plasmon sensor's transmission performance so that the sensor can be well applied in the field of sensors. rise may cause thermal expansion of the material of Si, thereby causing a structural change. The structure designed in this paper can ignore expansion caused by temperature rise and merely consider the influence on the refractive index ( Si ) of Si material and the effective refractive index of surface plasmon microring temperature sensor because of temperature rise since the metal is less affected by temperature and SPP wave produces at the contact area between Ag and SiO 2 . Si = 3.4 is Si's refractive index at room temperature = 298 k. Si has a large negative thermal coefficient of about −1.86 × 10 −4 /k, so the refractive index of silicon Si and the relationship between structure of surface plasmon microring temperature sensor and temperature can be derived by (1) . We get that the refractive index of silicon Si and the effective refractive index of surface plasmon microring temperature sensor and temperature ( ) appear to have an approximately linear relationship as shown in Figure 4 . In Figure 4 (b), the horizontal axis represents the temperature of Si layer, and the three curves show the effective refractive index of the whole waveguide. The curves show that the refractive index barely changed with the thermal expansion. Thus the influence from thermal expansion is not remarkable, which could be ignored.
Relationship between the Effective Refractive
Sensing Characteristic Analysis.
The coupling coefficients of the surface plasmon microring temperature sensor designed in this paper meet the conditions of = 0.018, 1 = 2 , and = 4 m. The outputs spectrum of Out port and Through port under = 298 k, 498 k, 698 k, and 898 k cases are shown in Figure 3 . The Out port is the primary sensor output port. The Through port is the auxiliary sensor output port and is able to demonstrate the results of the outputs spectrum of Out port. Red curve (1) represents . Black curve (2) represents .
As shown in Figure 5 , the output spectrum has good light extinction effect and has obvious spectral shift at four cases of = 298 k, 498 k, 698 k, 898 k. Temperature measurement can be achieved; then the FSR reaches 60 nm.
Relationship between the temperature and the amount of shift of the resonance wavelength is shown in Figure 6 . We can achieve the temperature sensor by detecting the resonance wavelength shifting. The displacement of the resonant peak is 0.007 m when temperature is increased by 100 k. The relationship between the resonance wavelength shift and the amount of temperature change is significantly linear. The range is larger. It suits temperature sensing.
Conclusion
The sensor put forward in this paper uses surface plasmon multilayer waveguide structure in the vertical direction and U-shaped microring structure in the horizontal direction and utilizes SOI as the thermal material. Combining with surface plasmon transmission technology and through the theoretical analysis of output spectrum at different temperatures and analysis of the intensity distribution of the structure, this paper comes up with a surface plasmon microring temperature sensor with stable transmission and high sensitivity. The resonance wavelength shift can reach 0.007 m when temperature is increased by 100 k and FSR can reach about 60 nm, achieving a high sensitivity in the temperature sense taking into account a wide range of filter frequency selections. The transmission performance of the structure is stable. This paper presents and analyzes a new type of surface plasmon sensor, providing theoretical innovations for the production of high-sensitivity temperature sensor and broadening the theoretical basis of surface plasmon. 
